Pancreatic ductal adenocarcinomas ( PDACs ) overexpress various cell -surface tyrosine kinase receptors, including the type I highaffinity fibroblast growth factor receptor ( FGFR -1 ). The purpose of this study was to determine whether FGFR -targeted gene therapy is feasible in this disorder. Accordingly, the effects of a conjugate consisting of fibroblast growth factor ( FGF ) -2 linked to a Fab 0 fragment against the adenovirus knob region were evaluated in human pancreatic cancer cell lines treated with an adenoviral vector containing the herpes simplex virus thymidine kinase ( AdTK ) gene. An adenoviral vector containing the firefly luciferase reporter gene ( AdLuc ) served to assess infection efficiency, and was initially tested in L6 rat myoblasts. In parental L6 cells that express exceedingly low levels of high -affinity FGFRs, transduction with AdLuc was enhanced 7 -to 10 -fold with the FGF2 -Fab 
0 fragment against the adenovirus knob region were evaluated in human pancreatic cancer cell lines treated with an adenoviral vector containing the herpes simplex virus thymidine kinase ( AdTK ) gene. An adenoviral vector containing the firefly luciferase reporter gene ( AdLuc ) served to assess infection efficiency, and was initially tested in L6 rat myoblasts. In parental L6 cells that express exceedingly low levels of high -affinity FGFRs, transduction with AdLuc was enhanced 7 -to 10 -fold with the FGF2 -Fab Keywords: pancreatic cancer; FGF receptor; adenovirus; gene delivery P ancreatic ductal adenocarcinoma (PDAC ) is a devastating disease that is the fourth to fifth leading cause of cancer-related mortality in the Western world.
1,2 The 1-year survival rate of patients with PDAC is estimated at only 12%, and less than 1% of the patients are still alive 5 years after diagnosis. 1, 2 Due to the relatively late diagnosis, curative resection is possible only in a small subgroup of patients. Nonsurgical treatment options such as chemotherapy have been disappointing because of the resistance of pancreatic cancer cells to cytotoxic agents. 3 -5 In addition, these cancers do not respond to radiotherapy 4 -6 and are resistant to alternative treatment options such as hormonal or immunotherapy. 7 There is, therefore, a crucial and urgent need for more effective treatment modalities for this disease.
Gene therapy has the potential to become a promising tool in the treatment of certain neoplastic diseases. Its implementation, however, requires the efficient and specific delivery of potentially therapeutic genes into cancer cells. Introduction of the herpes simplex virus thymidine kinase ( HSV-TK ) gene into tumor cells by retroviral and adenoviral vectors confers sensitivity to the viral drug ganciclovir that, at therapeutic dosages, does not exert toxic effects on human cells. 8 -10 Recent studies have examined the ability to specifically express the HSV-TK gene in the target organ using tumor-specific and/ or tissue -specific promoters. 11 -15 Other studies have focused on specifically retargeting the adenovirus via the fibroblast growth factor receptor (FGFR ) pathway. 16 -19 For example, Kaposi sarcoma (KS ) cells can be efficiently transduced by a modified adenovirus to specifically target the FGFRs on the surface of KS cells. 17 Pancreatic cancer cells are susceptible to transduction of adenoviral -mediated delivery of the HSV-TK gene. 10, 13, 16, 20 In addition, PDACs overexpress the two Ig -like variants of the FGFR -1 and FGFR -2 21, 22 and multiple FGFs. 23 We therefore sought to determine whether an adenoviral -based gene delivery system targeting FGF receptors may be of potential benefit in PDAC, by studying six human pancreatic cancer cell lines and by characterizing FGFR expression in PDAC samples. We now report that FGFR -targeting enhances gene transduction by 2 -to 34 -fold in these cells, depending, to some extent, on the expression levels of the four high -affinity FGFRs. We also show that, following HSV-TK transduction, ganciclovir exerts cytotoxic effects in two of six pancreatic cancer cell lines and that FGFR -targeted delivery of the HSV-TK gene enhances the cytotoxic effects of ganciclovir in two additional cell lines. Using laser capture microdissection and real -time quantitative PCR, we demonstrate the presence of multiple FGFRs in the cancer cells within PDAC samples. Taken together, these observations suggest that ganciclovir, in combination with FGFR -targeted delivery of AdTK, may ultimately have a therapeutic role in PDAC.
Materials and methods

Materials
The following were purchased: ASPC - 
Ribonuclease protection assay
Total RNA was extracted by the single -step acid -guanidine -thiocyanate phenol chloroform method, as previously described. 21, 22 RNA ( 10 g per sample ) was hybridized overnight at 428C with [ -32 P]CTP -labeled riboprobes, and single-stranded RNA was subsequently digested with RNAse A /T1 according to Ambion's RNase protection assay kit RPA II. Yeast tRNA ( 10 g ) was used as a negative control. 21 Samples were then subjected to denaturing gel electrophoresis on 6% polyacrylamide /8 M urea gels. Gels were dried and exposed to Kodak (Rochester, New York ) BioMax MS films at À 808C using intensifying screens. 
Real -time quantitative PCR analysis
To determine the relative mRNA expression levels of FGFR -1, -2, -3, and -4, a real -time fluorescent detection method was performed as previously described. 24 Total RNA was extracted as above and reverse transcribed using the Superscript cDNA amplification kit according to manufacturers' directions. Each specific cDNA of interest and the -actin reference cDNA were PCR -amplified using a fluorescent oligonucleotide probe with a 5 0 reporter dye ( 6FAM ) and a downstream 3 0 quencher dye (TAMRA ). The following oligonucleotides were used. The following cycling conditions were used: 508C for 2 minutes, 958C for 10 minutes, followed by 40 cycles at 958C for 15 seconds and 608C for 1 minute, using the ABI Prism 7700 sequence detection system from Applied Biosystems. Real -time PCR data were expressed as a relative quantity based on the ratio of the fluorescent change observed with FGFR -1, -2, -3, and -4 relative to the fluorescent change observed with -actin.
Recombinant adenovirus and FGF2 -Fab 0 conjugates
Recombinant E1A -deleted and CMV-driven adenovirus expressing firefly luciferase (AdLuc ) or green fluorescent protein ( AdGFP ), an E1 -deleted Ad5 vector expressing the CMV-driven HSV-TK gene (AdTK ), and the FGF2 -Fab 0 conjugate were constructed as previously reported 16, 17 and provided by one of the authors on this study ( Dr B Sosnowski ). The FGF2 -Fab 0 conjugate consists of a modified recombinant FGF2 linked with the Fab 0 fragment from a blocking monoclonal antibody generated against the Cancer Gene Therapy FGFR targeted gene delivery in pancreatic cancer J Kleeff et al adenovirus 5 knob region. 16, 17 The specificity of the interactions of FGF2 -Fab 0 with FGFRs was previously demonstrated by neutralizing its activities with an anti -FGFR -1 antibody. 16 
Cell culture and infection
Cells were grown in DME medium (COLO -357, MIAPaCa -2, PANC -1, and L6 cells) or RPMI medium ( ASPC -1, CAPAN -1, and T3M4 ) at 378C in humidified air with 5% CO 2 . Media were supplemented with penicillin G (100 U /mL ), streptomycin ( 100 g /mL ), and 8% FBS. Generation of L6 cells that are stably transfected with a full -length FGFR -1 cDNA (L6 -FGFR -1 ) was previously reported. 25 For adenoviral infections, cells were plated in 12 -well plates or 10 -cm dishes and incubated overnight. Infection complexes containing adenovirus ( AdLuc or AdTK ) and FGF2 -Fab 0 conjugates ( at varying ratios of FGF2 -Fab 0 conjugate per viral knob particle ) were mixed in a final volume of 100 l HEPES buffer ( 20 mM HEPES, pH 7.6, 0.1 M NaCl ), and incubated for 30 minutes at 238C. For these experiments, the number of knob particles per virion was calculated on the basis that there are 12 fibers per virion, and that each functional fiber is a trimer with 3 knob domains, yielding 36 knob domains per virion. Thus, assuming that there is no steric interference, each of the 36 knob domains is capable of binding a Fab molecule. 16 -19 The mixtures were then diluted in serum -free medium ( medium containing 0.1% BSA, 5 g /mL transferrin, 5 ng/ mL sodium selenite, and antibiotics ) and added to cells. Subsequently, cells were incubated at 378C in humidified air with 5% CO 2 for 1 hour with gentle agitation every 15 minutes. After 1 hour, infection medium was aspirated and cells were incubated in complete medium. TK expression under these experimental conditions was previously confirmed by performing an in vitro TK enzyme assay in cell lysates prepared 48 hours after infection with AdTK. 26 
Luciferase assay
Cells were seeded in 12-well plates at a density of 50,000 cells/well, infected with the AdLuc virus, and lysed after 48 hours in 200 l Promega lysis buffer. Aliquots of each sample ( 10 l) were then assayed using the MLX microtiter plate luminometer ( Dynex Technologies, Chantilly, VA ) 18, and the Promega assay reagent according to the manufacturers' instructions, as previously reported. 27 Adenoviral infection of L6 cells was carried out with minor modifications. Thus, L6 cells were seeded in 12 -well plates at a density of 25,000 cells /well. The AdLuc and FGF2 -Fab 0 conjugates were mixed in a final volume of 25 l HEPES buffer, incubated for 30 minutes at 238C, and then diluted in 300 l DME medium containing 0.5% FBS and antibiotics. Cells were then infected with the AdLuc virus. After 1 hour, complete medium was added and cells were lysed after 48 hours in 100 l Promega lysis buffer. Examination of all six pancreatic cancer cells by fluorescent microscopy following infection with Ad -GFP confirmed that virtually 100% of the cells were transduced. For all infection experiments, the recombinant adenoviral vectors were propagated on a permissive 293 cell line, followed by purification and determination of plaque -forming units (pfu ), which were carried out according to standard techniques. 28 
Cell growth assays
To assess FGF2 -AdTk -and AdTK -mediated killing, cells were seeded in 10 -cm dishes at a density of 2Â10 6 cells / dish and infected with virus for 24 hours. Cells were then trypsinized and seeded overnight in 96-well plates at a density of 5000 cells /well. Medium was then aspirated and the cells were incubated in complete medium in the absence or presence of various concentrations of ganciclovir. After 3 days, cell numbers were determined by the 3 -( 4,5 -methylthiazol -2 -yl ) -2,5 -diaphenyltertrazolium bromide (MTT ) assay as previously described. 29 The assay was initiated by adding MTT solution to each well at a final concentration of 0.625 g MTT /mL medium. After 4 hours the optical density was measured at 570 nm with an ELISA plate reader (Molecular Devices, Menlo Park, CA ) following removal of the medium and dissolving the dye crystals in acidified isopropanol. In pancreatic cancer cells the results of the MTT assay correlate with results obtained by cell counting with a hemocytometer and by monitoring [ 3 H ]thymidine incorporation. 29 
Binding assay
The extent of surface FGF2 binding was next determined in three cell lines that exhibited varying levels of transduction efficiency. Accordingly, COLO -357, PANC -1, and T3M4 cells were grown to 75% confluency in 12 -well plates ( 2 mL medium / well ), rinsed with binding buffer ( DMEM, 0.2% BSA, 25 mM HEPES, pH 7.4 ) and preincubated in binding buffer at 48C for 20 minutes. 125 I-FGF2 was then added for the indicated times (100,000 cpm /mL ) in the absence or presence of 400 ng /mL unlabeled ligand. Cells were washed twice with cold PBS and twice with PBS /1.5 M NaCl. The cells were then lysed with 0.1 N NaOH /1% sodium dodecyl sulfate ( SDS ) and the radioactivity measured by gamma counting. 25 Specific binding was determined by subtracting the nonspecific binding observed with samples that were incubated with the unlabeled ligand.
Patients and tissue sampling
PDAC tissues were obtained from three male and four female patients ( median age: 62 years; range: 43-80 years ). According to the Union Internationale Contre le Cancer ( UICC ) classification, there were one stage II, five stage III, and one stage IV duct cell adenocarcinomas. Freshly removed tissue samples were snap -frozen in liquid nitrogen immediately on surgical removal and maintained at À 808C until use. All studies were approved by the Human Subjects Committees at the University of California, Irvine, and the University of Heidelberg, Germany.
Laser capture microdissection
To assess the levels of expression of the various highaffinity FGFRs, cancer cells from seven PDAC samples were removed by laser capture microdissection, 30 using a laser capture system (model PXL -100/ARC100) and CapSure LCM transfer film from Arcturus (Mountain View, CA ). Total RNA was then extracted from these cells by using the single-step acid -guanidine -thiocyanate phenol chloroform method, as previously described, 21, 22 but with the addition of glycogen to enhance the quantitative precipitation of the RNA during the extraction procedure. RNA was then analyzed for FGFR mRNA expression levels using realtime quantitative PCR as described above.
Statistics
Whenever indicated, Student's t test was used for statistical analysis ( two -sided ), P <.05 was taken as the level of significance.
Results
AdLuc is specifically targeted to FGFR -1 -expressing L6 myoblasts
The relationship between FGFR expression and FGFRmediated targeted gene therapy was initially tested using parental L6 myoblasts that express very low levels of endogenous FGFRs and L6 cells transfected with FGFR -1. To confirm the low levels of expression of FGFRs in parental L6 myoblasts, RNase protection assays were carried out using specific probes for each major high -affinity FGFR. These assays did not detect the presence of FGFR -1, -2, -3, or -4 in parental L6 cells (data not shown). However, when a more sensitive real -time quantitative PCR assay was used, very low levels of FGFR -1 were detected in these cells ( Fig 1A ) . We previously reported that parental L6 cells do Cancer Gene Therapy FGFR targeted gene delivery in pancreatic cancer J Kleeff et al not bind radiolabeled FGF2, whereas L6 cells transfected with FGFR -1 exhibit approximately 20,000 cell -surface FGF receptors. 25 Indeed, as determined by real -time quantitative PCR, transfected L6 cells expressed high levels of FGFR -1 ( Fig 1B ) . Moreover, stable transfection of FGFR -1 was not associated with changes in expression of FGFR -2, -3, or -4 (Fig 1B ) .
The efficiency of adenoviral transduction was initially assessed by infecting L6 cells with an adenoviral vector containing sequences encoding luciferase ( AdLuc ). At 5-50 pfu / cell, L6 cells were poorly transducible by AdLuc ( data now shown ). In contrast, at 100 pfu /cell, wild -type and transfected L6 cells yielded relative light units (RLUs ) of 100 and 250, respectively (Fig 2) . Cell detachment or cell death was not observed during any of these experiments. Next, studies were performed in the presence of ratios of 5:1, 10:1 and 50:1 of FGF2 -Fab 0 conjugate per viral knob particle ( Fig 2) , because this conjugate acts as a linker between the viral knob and the cellular FGFRs, thereby targeting the adenovirus to FGFRs. In the presence of the FGF2 -Fab 0 conjugate, transduction efficiency increased 7 -to 10-fold in the parental L6 cells in a manner that was independent of the FGF2 -Fab 0 conjugate per viral knob particle (Fig 2 solid bars ) . In contrast, under the same conditions, transduction efficiency in the FGFR -1 transfected L6 cells increased 34-fold at a 5:1 ratio of FGF2 -Fab 0 conjugate per viral knob particle ratio, and 52-fold at a 50:1 ratio, yielding RLUs of 9000 -13,000 (Fig 2 open bars ) .
FGFR -targeted gene delivery enhances transduction efficiency in pancreatic cancer cells
Adenoviral infection efficiency in pancreatic cancer cells was determined by infecting each cell line with the AdLuc vector ( 100 pfu/cell ) in the absence of the FGF2 -Fab 0 conjugate. CAPAN -1 and COLO -357 cells displayed a relatively low transduction efficiency, yielding RLUs of < 10,000 per assay, whereas MIA -PaCa -2 cells yielded approximately 16,000 RLUs per assay. In contrast, ASPC -1, PANC -1, and T3M4 displayed moderate to high transduction efficiency ranging from 28,000 to approximately 100,000 RLUs per assay ( Fig 3 ) . Three cell lines were also tested for their ability to bind FGF2 at the cell surface by performing binding studies with 125 I -FGF2 at 48C. Analysis of binding data revealed that COLO -357 and T3M4 cells bound 8.5% and 9% of the added ligand, respectively, whereas PANC -1 cells bound 5.5% of the added ligand (Fig  4 ) . Thus, as expected, in the absence of the FGF2 -Fab 0 conjugate there was no correlation between surface binding of FGF2 and AdLuc transduction efficiency.
Next, cells were infected with the AdLuc vector in the absence or presence of the FGF2 -Fab 0 conjugate at ratios of 1, 5, and 10 conjugates per knob particle. It has been I -FGF2 ( 48C ) for the indicated times ( 100,000 cpm / mL ). Cells were washed and lysed, and the radioactivity in the lysates was measured by gamma counting as described in the Materials and methods section. Specific binding was determined by subtracting the values obtained in the presence of 400 ng / mL unlabeled FGF2. Data are the means ± SE of three determinations per experiment from three separate experiments.
Cancer Gene Therapy conjugate specifically targets the FGFRs via FGF2 because addition of FGF2 antiserum blocked its effects. 17, 31 In all six pancreatic cancer cell lines, there was an enhancement of AdLuc transduction, ranging from 2 -to 34-fold ( Fig 5) . Addition of the FGF2 -Fab 0 conjugate resulted in a 2.5-to 4 -fold increase in adenoviral transduction in PANC -1 and ASPC -1 cells, a 10-to 13-fold increase in CAPAN -1, MIA -PaCa -2, and T3M4 cells, and a 34-fold increase in COLO -357 cells ( Fig 5 ) . Increasing the ratio of FGF2 -Fab 0 conjugates per viral knob particle from 1 to 5 or 10 did not result in a significant increase in AdLuc transduction efficiency in any of the cell lines. Thus, when comparing cell lines for which FGF2 binding was tested, enhanced AdLuc transduction efficiency in the presence of the FGF2 -Fab 0 conjugate correlated with greater surface binding of FGF2.
FGFR -targeted suicide gene therapy is efficient in a subgroup of pancreatic cancer cells
Next, we used an adenoviral vector encoding the conditionally toxic gene product HSV-TK (AdTK ). Cells were infected with AdTK ( 100 pfu /cell ) in the absence or presence of the FGF2 -Fab 0 conjugate at ratios of 1 and 10 FGF2 -Fab 0 conjugates per knob particle, and then incubated in the absence or presence of ganciclovir. Cell growth was Cancer Gene Therapy FGFR targeted gene delivery in pancreatic cancer J Kleeff et al then assessed by the MTT assay ( Fig 6 ) . In the absence of AdTK, ganciclovir did not alter the growth of any of the pancreatic cancer cell lines. Furthermore, following AdTk transduction in the absence of the FGF2 -Fab 0 conjugate, only MIA -PaCa -2 and T3M4 cells were responsive to ganciclovir-mediated growth inhibition. Thus, ganciclovir (50 g/ mL ) inhibited the growth of MIA -PaCa -2 and T3M4 cells by 40% and 80%, respectively, and this effect was not significantly enhanced by the addition of the FGF2 -Fab 0 conjugate. In contrast, in CAPAN -1 and COLO -357 cells, the FGF2 -Fab 0 conjugate was necessary for AdTKmediated growth inhibition. In COLO -357 cells, ganciclovir (50 g/ mL ) inhibited growth by 60% ( P <.001) in the presence of the FGF2 -Fab 0 conjugate. Ganciclovir (50 g/ mL ) inhibited growth to a lesser extent in CAPAN -1 cells, with conjugate to knob ratios of 1:1 and 1:10 inhibiting growth by 30% ( P <.01 ) and 22% (P < .05), respectively. However, the differences between these two inhibitory effects were not statistically significant.
Expression of FGFRs in pancreatic cancer cells and tumors
RNase protection assays (Fig 7 ) and real -time PCR analysis ( Fig 8) were next carried out to compare the expression levels of the four high -affinity FGFRs in all six pancreatic cancer cells lines. As summarized in Table 1 , both methods revealed relatively high levels of FGFR -1 and -4 in ASPC -1 cells, moderate levels of FGFR -4 in CAPAN -1 and Mia PaCa -2 cells, and relatively high levels of FGFR -1, moderate levels of FGFR -2 and -3, but low levels of FGFR -4 in COLO -357 cells. PANC -1 cells expressed relatively moderate levels of FGFR -1 and -4, very low levels of FGFR -3, and undetectable levels of FGFR -2 by RNase protection. In contrast, by real -time PCR, these Figure 7 Expression of FGFRs in pancreatic cancer cell lines by ribonuclease protection assay. Total RNA ( 10 g per sample ) from the indicated cell lines was hybridized overnight at 428C with [ -32 P ]CTP -labeled riboprobes ( 100,000 cpm / sample ), as described in the Materials and methods section. Yeast tRNA ( 10 g ) was used as a negative control. Samples were subjected to denaturing gel electrophoresis on 6% polyacrylamide / 8 M urea gels. The protected FGFR fragments are indicated on the left, and probe migration is indicated on the right.
Cancer Gene Therapy Similarly, in T3M4 cells, RNase protection revealed the presence of moderate levels of FGFR -3, low levels of FGFR -4, and barely detectable levels of FGFR -2, whereas FGFR -1 was below the level of detection. In contrast, by real -time PCR, these cells expressed high levels of FGFR -3, low levels of FGFR -2 and -4, and very low levels of FGFR -1. Using immunostaining and in situ hybridization techniques as well as RNase protection assays, we previously reported that FGFR -1, FGFR -2, and the related keratinocyte growth factor receptor (KGFR ) are expressed at relatively high levels in pancreatic cancer cells within the pancreatic tumor mass. 21, 22 Using laser capture microdissection and real -time PCR, in the present study we were able to assess the expression levels of all four high -affinity FGFRs in the pancreatic cancer cells from seven different PDAC samples (Fig 9) . Three samples exhibited relatively high levels of FGFR -1 ( samples 1, 5, and 6 ), and two of these three samples also exhibited high levels of FGFR -2 and moderate levels of FGFR -3 and -4 (samples 1 and 6 ).
In each sample, FGFR -1 was expressed at the highest levels by comparison with the other receptors, with the exception of sample 3, in which FGFR -2 was expressed at the highest levels. Only sample 7 exhibited low levels of all four receptors. Thus, there was concomitant, albeit variable, overexpression of mRNA moieties encoding the highaffinity FGFRs in the captured cancer cells from the majority of the tumors (Fig 9) .
Discussion
PDAC remains one of the most difficult malignancies to treat, exhibiting a poor response to standard chemotherapy and radiotherapy, as well as to alternative treatment options such as immunotherapy or antihormonal therapy. These types of therapy either fail or offer only limited benefits in terms of survival and quality of life for patients with PDAC. Nonetheless, the standard of care for these patients often includes chemotherapy and /or radiotherapy. Therefore, novel, experimental therapies are needed for this deadly disease.
Suicide gene therapy, such as HSV-TK -based suicide gene therapy, offers a unique approach for suppressing cancer growth. 9 -14 Transduction of tumor cells with a virus bearing the HSV-TK gene leads to its expression in these cells. HSV-TK -expressing cells can then be targeted for killing by the nucleoside analog ganciclovir, which is phosphorylated by HSV-TK. 32 Cellular kinases in turn further phosphorylate ganciclovir, which then incorporates into DNA thereby inhibiting and terminating its synthesis and causing subsequent cell death. 9 -16,32 This anticancer suicide gene therapy has been successfully employed in a number of in vitro and in vivo studies and has found its way into clinical trials. Its potential usefulness in pancreatic cancer cells in vitro, 13, 16 as well as in animal tumor models for pancreatic cancer, 20,33 -35 has been previously demonstrated. However, the specificity of this approach in relation to the expression profile of FGFRs in PDAC has not been yet been clearly documented. Cancer Gene Therapy It is also possible, however, that endogenous production of FGFs by the cancer cells and /or differences in the levels of cell-surface FGFRs and the corresponding mRNA species also dictate the ability of the FGF2 -Fab 0 conjugate to improve transduction efficiency. Not surprisingly, ganciclovir alone did not alter the growth of any of the pancreatic cancer cell lines tested in the present study. Furthermore, ASPC -1 and PANC -1 cells, which exhibited the smallest increase in transduction efficiency in the presence of the FGF2 -Fab 0 conjugate, were completely resistant to ganciclovir-mediated growth inhibition after AdTk transduction, irrespective of the absence or presence of the FGF2 -Fab 0 conjugate. In contrast, ganciclovir inhibited in a dose -dependent manner the growth of MIA -PaCa -2 and T3M4 cells infected with AdTK, and this effect was especially marked in T3M4 cells. However, it was not enhanced by the FGF2 -Fab 0 conjugate, despite the conjugate's ability to improve transduction efficiency in both cell lines. In the case of T3M4 cells, this lack of requirement for the FGF2 -Fab 0 conjugate was most likely due to the high efficiency of transduction by the adenoviral vector. Only CAPAN -1 and COLO -357 cells exhibited a significant increase in ganciclovir susceptibility after addition of the FGF2 -Fab 0 conjugate, and this effect was most pronounced in COLO -357 cells. Altogether, ganciclovir was an effective growth inhibitor in four of six pancreatic cancer cell lines, and this effect was enhanced by FGFR targeting in the two cell lines (CAPAN -1 and COLO -357 ) that exhibited the greatest increase in transduction efficiency in the presence of the FGF2 -Fab 0 conjugate. The reasons why some pancreatic cancer cell lines are resistant to ganciclovir are not known. Resistance to ganciclovir could not be explained by poor transduction efficiency, inasmuch as ASPC -1 and PANC -1 cells were transducible as determined by AdLuc infection, but were completely resistant to ganciclovir. Instead, it is likely that resistance of HSV-TK -transduced tumor cells to ganciclovir is due to other mechanisms. Thus, the HSV-TK gene may be either partially or completely deleted by the cells following retroviral infection. 35 Alternatively, some HSV-TK -transduced cells exhibit an attenuated capacity to transfer the toxic phosphorylated ganciclovir via intercellular gap junctions to nontransduced tumor cells, perhaps as a consequence of decreased gap junction expression and /or function. 10,36 -38 In the absence of such an efficient transfer, a bystander effect cannot occur, and cells that are not directly transduced with the suicide gene are not able to respond to ganciclovir. In addition, cells that harbor a mutated p53 tumor suppressor gene have been reported to be resistant to ganciclovir. 39 Although pancreatic cancer cells frequently harbor p53 mutations, they can be rendered sensitive to ganciclovir. 13,16,33 -35,40 Because ganciclovir is a cell cycle active agent, it is also conceivable that differences in cell growth rates may explain some of the differences in sensitivity to this agent.
Several studies have previously demonstrated that PDACs overexpress FGFRs. 20, 21 In addition, in the present study, analysis of laser -captured cancer cells from seven PDAC samples revealed the concomitant presence of high levels of FGFRs in the majority of the tumors. Indeed, following normalization to -actin, FGFR levels in the PDAC samples were approximately 10 -fold higher than in the cultured pancreatic cancer cell lines. These high expression levels of FGFRs are consistent with the strong intensity of the in situ hybridization signals observed in the pancreatic cancer cells within the tumor mass in our previous studies. 20, 21 This observation suggests that FGFRtargeted suicide gene therapy may ultimately prove to be beneficial in various subgroups of patients with PDAC. The advantages of targeted therapy include higher specificity, reduced virus load, higher transduction rates, and reduced systemic toxicity. 41, 42 In this context, analysis of tumor biopsy samples by the highly reproducible and sensitive quantitative PCR method employed in the present study may also provide information as to which patients are most likely to benefit from this type of therapy.
